We here describe a comprehensive study on the preparation of the intensive flavor 3,9-epoxy-p-mentha-1,4(8)-diene (1). Key steps of the presented synthesis are the selective addition of MeLi to the keto-ester 7, the regioselective cyclization of the obtained triol to give the ethers 4 and 8 and the selective dehydration of ether 4 through the use of POCl 3 and pyridine. It is worth noting that the presented synthesis represents the first expedient and reliable entry to ether 1. Being present in linden honey, 1 is also known as linden ether and it has been regarded as a potential marker for the authentication of the linden honey origin. Therefore, ether 1 can be used as a useful reference standard for the analysis of the natural flavors, as we demonstrated by means of its identification in a sample of unifloral linden honey.
The key flavor 3,9-epoxy-p-mentha-1,4(8)-diene (1) ( Figure 1 ) is a monoterpene ether which was identified 25 years ago both in linden honey and in linden blossoms [1] . Its isolation and chemical characterization [2] allowed the unambiguous assignation of its chemical structure, as well as determining that it occurs in nature as a racemic mixture. Afterward, ether 1 was detected again in linden honey of different geographic origin [3, 4] and has been indicated as a potential biomarker for the authentication of the honey origin. Due to its pleasant, flowery and mint-like odor, linden ether was described among the most important monoterpenoid ethers occurring in flavors and essential oils [5] . Interestingly, ether 1 was recently detected among the chemical components of cooked carrot volatiles [6] where it showed the highest flavor dilution factor (FD). The aforementioned study greatly expands the scientific interest in compound 1, indicating that its presence in nature is not restricted to the linden tree and its prospective identification in other natural sources is highly probable.
In spite of this, all the described analytical studies are limited by the lack of a suitable reference standard of ether 1 for use in the GC analyses of the very complex natural extracts. This inherent weakness inhibited the unambiguous determination of 1 in honey [3] and forced the researchers to use linden honey extracts for sampling of authentic 1 [6] .
On the other hand, the chemical synthesis of 1 is particularly demanding. Although linden ether has a rather simple chemical structure, the large number of obtainable isomers, as well as its instability hampered the development of its straightforward preparation. To the best of our knowledge, only one synthetic approach has been described so far. According to Brocksom et al. [7] both enantiomeric forms of linden ether are obtainable starting from (-)-isopulegone (2) ( Figure 2 ), which is in turn preparable by oxidation of commercial (-)-isopulegol.
This synthesis is based on the transformation of 2 into hydroxyethers 3 and 4, which were dehydrated to give (R)-and (S)-1, respectively. Unfortunately, the preparation of the latter ethers requires four demanding steps and the overall yields of the isolated 1 enantiomers were very low (3.8 and 1.3%). As a consequence, a simple and reliable approach to 1 is still lacking and its unavailability is an unresolved issue.
According to our interest in the preparation of natural flavors and for the stereoselective synthesis of compounds having p-menthane frameworks [8] [9] [10] [11] [12] [13] , we decided to develop a rapid synthetic approach to 1 that could afford the desired ether in high isomeric purity. We focused our attention on the exploitation of keto-ester 7, which is easily preparable on a large scale and with very good stereoselectivity [8] by Diels-Alder reaction of (E)-3-methylbuta-1,3-dienyl acetate (5) with 2-oxobut-3-enyl acetate (6) ( Figure 3 ).
Since the latter compounds are in turn preparable starting from commercial 2-methyl-3-butyn-2-ol and 2-butyne-1,4-diol respectively, we regarded 7 as an affordable precursor of hydroxyethers of types 4 and 8.
In order to achieve this transformation, we planned the addition of a methyl group to the ketone functional group, the hydrolysis of the acetates groups and the formation of the tetrahydrofuranyl ring by stereoselective cyclization of the intermediate triol.
Since treatment of compound 7 with NaOH, K 2 CO 3 or NaOMe trigger the elimination of acetic acid to give the conjugated dienic ketone, we tried first the conversion of the ketone functional group into the corresponding methyl carbinol.
The preliminary experiments performed using methylmagnesium bromide gave disappointing results since the starting ketone underwent rapid degradation, even at -78°C. On the other hand, the addition of MeZnBr to 7 did not produce any reaction at temperatures below 0°C, whilst slow degradation was observed at room temperature. Finally, MeLi turned out to be the reagent of choice for this kind of transformation. The addition of an excess (6 eq.) of an etheral solution of MeLi to an etheral solution of 7, at -78°C, cleanly gave the desired carbinol with simultaneous removal of the two ester groups. Due to its high chemical instability to an acid environment, the obtained triols were subjected directly to the cyclization step instead of being isolated.
We previous demonstrated [8, 10, 13] the proneness of 9-hydroxyp-menth-1-ene derivatives to undergo acid-catalyzed cyclization to afford the corresponding cis-configured 3,9-p-menth-1-ene ethers. According to our studies, the treatment of an etheral solution of the aforementioned crude triol with a catalytic amount of aq. HCl gave a 1:1 mixture of ethers 4 and 8 in a nearly quantitative yield. The two diastereoisomers were easily separated by chromatography in order to investigate the following dehydration reaction ( Table 1) .
The main products obtained by the dehydration reaction were ethers 1, its isomers 9 and 10, and the 1-methyl-4-isopropenylbenzene 11. The reaction was performed using different dehydrating agents and the products distribution was determined by GC-MS analysis. Previous work [7] pointed at the use of thionyl chloride in diethyl ether, without the presence of any base, as a reagent of choice for this kind of transformation. We first checked this protocol on a 1:1 mixture of the ethers 4 and 8. The obtained results were disappointing, indicating that only a trace of 1 was formed when the reactions were performed without pyridine. Thionyl chloride, H 2 SO 4 and ethyl chloroformate left unaffected the main part of the starting ethers and gave a considerable amount of degradation a) The dehydrating agents were added at 0°C then the reactions were carried out at rt, unless otherwise stated. After 8 h, the reactions were quenched. b) Relative ratio (%) measured by GC analysis of the crude reaction mixture; c) mixture of unidentified compounds.
products whereas trifluoroacetic anhydride transformed quantitatively the substrates affording mainly trifluoroacetate derivatives. Similarly, PCl 3 and oxalyl chloride efficiently dehydrated the substrates, though with a simultaneous formation of a large amount of degradation products.
Completely different results were obtained if an excess of pyridine was introduced in the reaction. The combined use of thionyl chloride and pyridine converted ether 4 into a products mixture containing up to 42% of ether 1. Even better results were obtained with POCl 3 and pyridine that converted ether 4 into a products mixture containing up to 76% of ether 1. It is worth noting that the same reagents dehydrated efficiently ether 8 affording ethers 9 and 10 as main products and only a trace (4%) of ether 1.
Thus we can assert that the efficient synthesis of 1 needs the exclusive use of ether 4, free of its diastereoisomer 8, as well as the use of phosphorus oxychloride and pyridine to perform the dehydration reaction.
In conclusion, we report an expedient procedure for the synthesis of linden ether which compares favorably with the previously reported method. Starting materials and reagents are cheap and easily available and the desired ether 1 was obtained in few chemical steps and in good isomeric purity.
The obtained samples of ether 1 can be used as a useful reference standard in the analysis of natural flavors. In this context, we extracted a sample of unifloral linden honey, which was analyzed by GC-MS in order to detect the presence of 1. The natural occurrence of linden ether in our sample was confirmed by the presence of a sharp peak having both the same retention time and the same mass spectrum as those obtained by analysis of synthetic 1.
Experimental
General: All moisture-sensitive reactions were carried out under a static atmosphere of nitrogen. All reagents were of commercial quality with the exception of (E)-3-methylbuta-1,3-dienyl acetate (5) and 2-oxobut-3-enyl acetate (6) , which were prepared starting from commercial 2-methyl-3-butyn-2-ol and 2-butyne-1,4-diol, respectively [8] . Linden honey of unifloral origin (Emilia Romagna, Italy) was purchased from a local market. TLC: Merck silica gel 60 F 254 plates. CC: silica gel. GC-MS analyses: HP-6890 gas chromatograph equipped with a 5973 mass detector, using a HP-5MS column (30 m  0.25 mm, 0.25 m film thickness; Hewlett Packard) with the following temp. program: 60° (1 min)  6°/min  150° (1 min) 12°/min  280° (5 min); carrier gas, He; constant flow 1 mL/min; split ratio, 1/30; t R given in min: t R (1) 12.20, t R (4) 13.79, t R (7) 21.50, t R (8) 14.98, t R (9) 10.92, t R (10) 10.55, t R (11) 8.59; RI (1) 1208, RI (9) 1171, RI (10) 1160, RI (11) 1087; mass Linden ether synthesis Natural Product Communications Vol. 9 (3) 2014 295 spectra: m/z (rel.%). Melting points were measured on a Reichert apparatus, equipped with a Reichert microscope, and are uncorrected. 1 H and 13 C spectra and DEPT experiments: CDCl 3 or C 6 D 6 solns at rt; Bruker-AC-400 spectrometer at 400, 100 and 100 MHz, respectively; chemical shifts in δ (ppm) relative to internal SiMe 4 (=0 ppm), J values in Hz. Acetoxy-4-methylcyclohex-3-enyl) -2-oxoethyl acetate (7) : 95% chemical purity, cis/trans isomeric ratio 94:6 (GC analysis); was obtained through Diels-Alder reaction of (E)-3-methylbuta-1,3dienyl acetate (5) with 2-oxobut-3-enyl acetate (6) , according to our previously reported procedure [8] .
2-(2-
(3SR,4RS,8SR)-3,9-Epoxy-p-menth-1-en-8-ol (4) and (3RS,4SR, 8RS)-3,9-epoxy-p-menth-1-en-8-ol (8) : MeLi (80 mL of a 1.6 M solution in Et 2 O) was added dropwise, under a static atmosphere of nitrogen, to a vigorously stirred solution of 2-(2-acetoxy-4methylcyclohex-3-enyl)-2-oxoethyl acetate (7) (5.4 g, 21.3 mmol) in dry Et 2 O (50 mL) at -78°C. After the addition was complete, the mixture was allowed to reach rt, stirred at this temperature for a further 1 h and then poured into an ice-cooled mixture of ethyl acetate (100 mL) and saturated aqueous NH 4 Cl (100 mL). The aqueous phase was extracted again with ethyl acetate (100 mL) and the combined organic phases were separated, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue, (3.2 g), which consisted of pure triol (TLC analysis), was dissolved in diethyl ether (60 mL) and treated with catalytic HCl (0.1 mL of 10%, w/w, solution in water) stirring at rt until the starting triol was no longer detectable by TLC analysis. The reaction was then quenched by the addition of aq. NaOH (20 mL of a 10%, w/w, solution) and the organic phase was separated, washed with brine, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue consisted of a 1:1 mixture of the ethers 4 and 8, which were separated by chromatography using n-hexane/diethyl ether (99:1-9:1) as eluent. The first eluted fractions afforded ether 4 (1.21 g, 34% yield, 96% chemical purity by GC) as a colorless oil, which crystallized on standing. MP: 53-56ºC. 1 = (3SR)-3,9-epoxy-p-menth-1,4(8) -diene (1): POCl 3 (1 g, 6.5 mmol) was added dropwise at 0°C to a vigorously stirred solution of ether 4 (0.75 g, 4.46 mmol) in a mixture of dry Et 2 O (4 mL) and pyridine (3 mL). After the addition was complete, the mixture was allowed to reach rt, stirred at this temperature for a further 8 h and then poured into an mixture of Et 2 O (40 mL), crushed ice and a saturated solution of NaHCO 3 (40 mL). The aqueous phase was extracted again with Et 2 O (30 mL) and the combined organic phases were separated, dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was purified by chromatography eluting with n-pentane-diethyl ether (99:1 -9:1) as eluent and the isolated dehydration products were further purified by bulb to bulb distillation. Linden ether was obtained as colorless oil (0.31 g, 46% yield, 98% chemical purity by GC) as an 85:11:3:1 mixture of compounds 1, 9, 10 and 11, respectively. Data of compound 1: 1 
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Detection of linden ether in linden honey extract:
Linden honey (200 g) was diluted with 400 mL of 1%, w/w, NaHCO 3 aq. and the obtained mixture was extracted with Et 2 O (2 x 200 mL). The combined organic phases were washed with brine, dried (Na 2 SO 4 ) and concentrated by carefully distillation of the solvent through a coated Vigreux column. The heating was set up to 50°C using an oil bath and the concentration procedure was stopped as soon as the residue reached a volume of 2 mL. The obtained sample was analyzed by GC-MS. The analytical data confirmed the presence of a sharp peak having both the same retention time and the same mass spectrum as those obtained by the analysis of synthetic 1. The analysis of a new sample made up of honey extract and synthetic 1 did not show any split of the aforementioned peak.
